Graphical Abstract Highlights d GABARAP binds directly to the centriolar satellite protein PCM1 through a LIR motif d GABARAP-PCM1-positive centriolar satellites are found at early-stage autophagosomes d PCM1 regulates GABARAP-specific autophagosome formation and GABARAP degradation d The centriolar satellite E3 ligase Mib1 drives ubiquitination of GABARAP In Brief Joachim et al. show PCM1-positive centriolar satellites regulate the formation of GABARAP-positive autophagosomes.
INTRODUCTION
Autophagy is an intracellular recycling process that maintains cell homeostasis during stress. Autophagy occurs constitutively as a housekeeping process but is acutely upregulated upon insults, such as nutrient starvation. During autophagy, new vesicular organelles form, called autophagosomes. Autophagosome formation involves growth of a cup-shaped phagophore membrane that expands and encapsulates cargo, such as proteins and whole organelles [1] . These cargoes are trapped inside the closed, fully formed autophagosome. The autophagosome terminally fuses with the lysosome, resulting in destruction of the autophagosomal contents and recycling of macromolecules. Autophagy is an essential process for animal life and conserved from yeast to humans. The importance of autophagy for physiology is underlined by its involvement in pathologies, such as cancer, neurodegeneration, and infection. Autophagosome formation is controlled by conserved signaling and machinery proteins called Atg proteins in yeast and mammals. These proteins localize to, and are markers of, the forming autophagosome. In mammals, formation is initiated by the ULK protein kinase complex, which phosphorylates and activates the ATG14-Beclin1-phosphatidylinositol 3-phosphate (PI3P) kinase complex. This results in a pool of PI3P at autophagosome formation sites on the endoplasmic reticulum, called omegasomes [2] , and recruitment of DFCP1 and WIPI proteins, PI3P-binding effectors. WIPI2b recruits the ATG12-5-16L1 complex to the phagophore membrane, which mediates the lipidation of cytosolic ATG8 proteins by the lipid phosphatidylethanolamine and membrane association [3] . Vesicles containing the transmembrane protein ATG9 are also thought to contribute to autophagosome formation [4, 5] . In yeast, there is one ATG8 protein, but in mammals, there are multiple ATG8 orthologs. In humans, the ATG8 proteins comprise two subfamilies: LC3s and GABARAPs [6] . These ATG8 proteins function in formation and closure of the phagophore membrane and fusion of autophagosomes with lysosomes [7] [8] [9] . ATG8 proteins also bind autophagy receptor proteins, such as p62, which specifically target cargoes into the autophagosome for degradation, and autophagy adaptors, which confer additional functionality but are not degraded by autophagy [10] . The functional differences between the LC3 and GABARAP subfamilies, and how these proteins are specifically regulated, are poorly understood. ATG8s have many interactors, often mediated through LC3interacting region (LIR) motifs [11] present in cargo adaptors and receptors [10, 12] . How LIR-containing proteins specifically regulate ATG8s is a subject of intense investigation. We have shown that GABARAP localizes at the pericentriolar material of the centrosome [13] . Centrosomes contain a pair of centrioles embedded in a matrix of coiled-coil proteins called the pericentriolar material (PCM) [14] , which also contains microtubule-nucleating factors that enable the centrosome to function as a microtubule-organizing center. Electron-dense granules called centriolar satellites (CSs) surround the centrosome and are transported along microtubules [15] . PCM1 is the archetypal CS marker protein providing the structural scaffold for CSs [15, 16] . PCM1 is a large ($230 kDa) coiled-coil-containing protein that self-oligomerizes and binds other CS proteins, such as the E3 ligase Mib1 [17] [18] [19] . CS proteins colocalize with and bind PCM1 and require PCM1 for their pericentrosomal localization, and distinct populations of CS exist comprised of different proteins [15] . However, the functional significance of this is poorly understood.
Centrosomal GABARAP traffics to forming autophagosomes during starvation [13] . Importantly, this demonstrates a centrosome-autophagosome crosstalk. How centrosomal proteins regulate the transport of GABARAP from the centrosome to autophagosomes and GABARAP-mediated autophagy is unknown. Here, we show that GABARAP, but not LC3B, directly binds to the CS protein PCM1 through a LIR motif. GABARAP is found on a subset of peripheral CS, and its localization at the centrosome is controlled by PCM1. PCM1 promotes the formation of GABARAP-positive (but not LC3B-positive) autophagosomes and colocalizes with autophagy markers. PCM1 protects GABARAP from proteasomal degradation mediated by ubiquitination by Mib1. These data suggest that PCM1containing CSs stabilize centrosomal GABARAP and control its delivery to autophagosomes.
RESULTS

PCM1 Binds GABARAP through a LIR Motif
The CS protein PCM1 interacts with overexpressed LC3B, GABARAP, and GABARAPL2 (GATE-16) [20, 21] . In HEK293A cells, PCM1 co-immunoprecipitated with endogenous GABARAP ( Figure 1A ), and this complex is not affected by amino acid starvation to induce autophagosome formation ( Figure 1B ). PCM1-GFP-GABARAP interaction was independent of GABARAP lipidation as PCM1 bound equally to GFP-GABARAP and GFP-GABARAP G116A, a mutant which cannot be lipidated [22] , in fed, starved (ES), or starved cells treated with Bafilomycin A1 (BAFA1) to prevent lysosomal degradation of autophagosomes ( Figures 1C and 1D ). PCM1 bound ATG8 family members LC3C/GABARAP/GABARAPL1/GABARAPL2 but poorly to LC3A/LC3B ( Figure 1E ). We searched for LIR motifs in the 2,016aa human PCM1 protein (Refseq NP_001302436) using iLIR [23] . One LIR motif (aa 1,953-EDFVKV-aa 1,958) near the C terminus of PCM1, within a region required to retain PCM1 at the centrosome [24, 25] , is similar to the human ULK LIR motif (DDFVM/LV) [26, 27] . Mutation of the PCM1 LIR EDFVKV to EAAVKA (3xAla) reduced binding to glutathione S-transferase (GST)-GABARAP by more than 80% ( Figures 1F and 1G) . A mutational peptide array of the PCM1 LIR motif showed PCM1 has a canonical LIR motif that directly binds GST-GABARAP (Figure 1H) . D1954, F1955, V1956, V1958, and P1962 were essential for LIR binding. This is based on the LIR core of 0(W/F/Y)xx(L/I/ V)+3 with surrounding acidic residues [28] .
PCM1 Colocalizes with GABARAP at the Pericentriolar Material and CSs
We next tested whether PCM1-GABARAP colocalized in cells. In Figure 2A , we confirm GABARAP colocalizes with the centriole and pericentriolar material (PCM) marker g-tubulin [13] . GABARAP was on the PCM and not centrioles, as shown by correlative light and electron microscopy (CLEM) ( Figure S1 ). In cells where the PCM and centrioles were juxtaposed, GABARAP was on the PCM rather than centrioles ( Figure S1 ). In the electron microscopy (EM), the PCM is a round, amorphous, dense structure near the centrioles [14] . We observed non-membrane-bound (Triton X-100 resistant) electron-dense granules (most likely CSs [29] ), surrounding and embedded in the PCM ( Figure S1 ). Concordantly, confocal microscopy revealed PCM1 partially overlapping with g-tubulin, as expected ( Figure 2A ) [29] .
PCM1 and GABARAP do not require g-tubulin to colocalize. In mitotic cells, they colocalized to a g-tubulin negative structure ( Figure S2A ) but much less at the spindle poles [13, 30] . In addition, GABARAP and PCM1 colocalized on a small number of peripherally distributed g-tubulin-negative CSs (PCM1 puncta) ( Figure 2A ). Small interfering RNA (siRNA) depletion of PCM1 reduced the staining of peripheral PCM1 puncta and centrosomal clusters of PCM1, with two different PCM1 antibodies used here for immunofluorescence ( Figure S2B ). Colocalization (legend continued on next page) analysis revealed a positive correlation between non-centrosomal PCM1-GABARAP puncta, which was lost after PCM1 knockdown ( Figure 2B ). Note, a stronger correlation between p62-GABARAP puncta was observed ( Figure 2B ), as expected because p62 is contained within autophagosomes.
We investigated whether GABARAP colocalized with other CS markers. myc-GABARAP partially colocalized with the CS marker and PCM1 interactor SSX2IP ( Figure 2C ) [31] . As expected, SSX2IP colocalized well with PCM1. GFP-GABARAP puncta partially colocalized with another PCM1 binding partner, pericentrin [32] ( Figure 2D ).
These data suggest that PCM1 and GABARAP interact in the PCM and that GABARAP is a novel component of a subset of CSs.
CSs Are Delivered to Forming Autophagosomes Is PCM1, like GABARAP, recruited to autophagosomes? After 2 hr starvation to induce autophagy, a subset of PCM1-positive CSs colocalized with a range of autophagy markers: phagophore markers ATG9, ULK1 ( Figure S2C ), DFCP1, and WIPI2; autophagosome marker LC3B; and cargo protein p62 ( Figures 3A  and 3B ). GFP-WIPI2b-positive phagophores contained PCM1 and GABARAP ( Figure 3A ). Interestingly, some PCM1 puncta were juxtaposed to ring-shaped GFP-DFCP1 omegasomes (Figure 3B ). To confirm PCM1 is on early autophagosomes, we immunoisolated GFP-DFCP1-positive membranes. In addition to autophagy proteins ULK1 and GABARAP, CS proteins PCM1 and Mib1 [17, 18] associated with GFP-DFCP1 membranes ( Figure 3C ). Thus, PCM1-GABARAP-positive CSs are associated with autophagic structures and may be involved in autophagosome formation.
PCM1 Promotes GABARAP Centrosomal Localization PCM1-positive CSs are involved in recruiting proteins to the centrosome [15] . PCM1 knockdown resulted in highly significant (p % 0.0001) reduction of GABARAP at the PCM (Figures 4A, 4B, and S3A) and a small increase in g-tubulin. Centrosomal pericentrin was also reduced upon PCM1 depletion ( Figure S3B ), as reported [25] . Whereas no large frequency shifts in the brightness of g-tubulin signals occurred upon PCM1 depletion, there was an increase in the number of centrosomes with weak GABARAP signal ( Figure S3A ).
Does PCM1-GABARAP colocalization require the LIR motif of PCM1 ( Figures 1F-1H )? Overexpression of GFP-PCM1 wild-type (WT) revealed GFP-PCM1 at the GABARAP-positive PCM as expected ( Figure 4C ). Peripheral GFP-PCM1 structures were positive for GABARAP and WIPI2. GFP-PCM 3xAla also localized at the PCM with GABARAP; however, peripheral GABARAP-WIPI2 puncta were negative for GFP-PCM1 3xAla ( Figure 4C ). In contrast, peripheral non-centrosomal puncta of both GFP-PCM1 WT and 3xAla colocalized with the PCM1-interactor pericentrin ( Figure S3C ). Thus, the C-terminal LIR of PCM1 is required for GABARAP (but not pericentrin) recruitment to GFP-PCM1 puncta. These data suggest GABARAP is recruited to CS by PCM1 binding and PCM1 is involved in recruitment of GABARAP to the PCM.
CS GABARAP Is Not Golgi Associated
We showed that GABARAP binds the cis-Golgi protein GM130 [13] . Upon nocodazole treatment to depolymerize microtubules and disperse the Golgi away from the centrosome, GABARAP was on peripheral GM130 puncta [13] . We used nocodazole to disperse the Golgi and centrosomal CSs and found little colocalization between GM130 and GFP-PCM1 puncta (Figure S3D ). We observed partial colocalization between GFP-PCM1-GABARAP and GABARAP-GM130 ( Figure 4D ), but very few structures were positive for all three proteins. These data suggest that Golgi-associated GABARAP is separate from CSassociated GABARAP.
PCM1 Regulates GABARAP Degradation and Autophagy
A subpopulation of PCM1-positive CSs are at autophagosome formation sites (Figures 3 and S2C). To determine whether PCM1 depletion affects autophagosome formation, starvationinduced WIPI2, GABARAP, LC3B, and p62 puncta were counted in HEK293A cells ( Figures 4E and S4 ). Whereas WIPI2, GABARAP, and p62 puncta were increased after PCM1 knockdown, no significant effect on LC3B puncta was seen. Moreover, the number of GABARAP-p62 double-positive autophagosomes increased ( Figure 4F ). This suggests PCM1 regulates GABARAP-positive autophagosome formation.
Plk4 promotes phosphorylation of PCM1 at S372 [33] . S372 phosphorylation, which occurs during G1 of the cell cycle, promotes PCM1 dimerization and interaction with CS proteins. Compared to WT, PCM1 S372E phosphomimetic mutant exhibits reduced CS motility and increased clustering, whereas the S372A mutant has a more dispersed phenotype [33] . To determine whether this regulatory phosphorylation exerts an effect on GABARAP autophagosome formation, we expressed GFP-PCM1 WT, GFP-PCM1 S372A, or S372E and measured the formation of GABARAP-WIPI2 double-positive autophagosomes with BAFA1 present to prevent lysosomal degradation of autophagosomes. The number of GABARAP-WIPI2-positive autophagosomes was attenuated when PCM1 S372 was mutated to either E/A ( Figure 4G ). This suggests PCM1 S372 is important for GABARAP autophagosome formation and perhaps regulated by reversible phosphorylation events.
PCM1 is not required for rapamycin-induced autophagy [21] . Concordantly, PCM1 knockdown had no effect on LC3B lipidation or flux through the lysosome as measured by accumulation of lipidated LC3B (LC3-II) in the presence of BAFA1 ( Figures  5A and 5B ). PCM1 levels were not altered by autophagy, as there was no change in Earle's balanced salt solution (EBSS) compared to EBSS with BAFA1 ( Figures 5A and 5B ). However, we observed a decrease in both unlipidated and lipidated GABARAP (GABARAP-I and GABARAP-II, respectively), indicating a total decrease in GABARAP protein levels ( Figures  5C-5E ). Autophagy cargoes p62 and NBR1 were also decreased ( Figures 5A and 5B ). In addition, p62 and GABARAP protein levels increased upon GFP-PCM1 overexpression ( Figures 5F  and 5G ). This suggests a specific effect of the PCM1 protein on GABARAP/p62 protein levels. The LIR motif in PCM1 binds to ( Figures 1F-1H ) and localizes GABARAP ( Figure 4C ) to CS. We asked whether the LIR motif was also required for the stabilization of GABARAP seen after overexpression of GFP-PCM1. After siRNA depletion of PCM1, GABARAP levels were rescued by expression of GFP-PCM1 WT, but not by GFP-PCM1 3xAla ( Figures 5H and 5I) . These data suggest that direct binding of PCM1 to GABARAP stabilizes GABARAP protein levels.
We assessed the degradation rate of GABARAP in PCM1 knockout cells ( Figures 6A and 6B ). In single-guide (sgRNA) control RPE-1 cells, more than 50% of GABARAP remained during 8 hr cycloheximide treatment to inhibit translation. Without PCM1, the rate of GABARAP degradation was enhanced, suggesting that PCM1 stabilizes GABARAP. PCM1-controlled GABARAP degradation may occur through the proteasomal or lysosomal pathways. In HEK293A cells, we combined cycloheximide treatment with MG132, an inhibitor of the proteasome, or BAFA1 ( Figures 6C and 6D ). Proteasomal inhibition was confirmed by the accumulation of polyubiquitinated proteins after MG132 treatment ( Figure 6C) . Surprisingly, GABARAP turnover is inhibited by MG132 or BAFA1, suggesting that the proteasome degrades GABARAP to a similar extent as autophagy during basal conditions. However, after PCM1 depletion, significantly more GABARAP was degraded through the proteasome than the lysosome ( Figure 6D ). Altogether, these data suggest PCM1 specifically regulates GABARAP autophagosome formation and autophagic flux of cargoes and stabilizes GABARAP from proteasomal degradation.
GABARAP Instability and Ubiquitination Is Driven by Mib1
PCM1 binds and stabilizes GABARAP from proteasomal degradation, and this may occur at the PCM, CS, and sites of autophagosome formation (Figures 1, 2 , 3, 4, and 5). PCM1 sequesters the CS E3 ligase Mib1 [17, 18] . PCM1 depletion results in increased Mib1 levels and relocalization of Mib1 from CS to centrioles, where it ubiquitinates and destabilizes centrosomal proteins [17] . In HEK293A cells, Mib1 protein levels increased after PCM1 depletion, as expected, concomitant with a decrease in GABARAP and p62 levels ( Figure S5A ). FLAG-Mib1 expression decreased PCM1 levels as expected [17] but also GABARAP levels, suggesting that Mib1 interacts with GABARAP ( Figures  7A and 7B ). Mib1 bound to GST-GABARAP, and FLAG-Mib1 co-immunoprecipitated with GABARAP ( Figures S5B and  S5C) . Additionally, endogenous Mib1 and GABARAP co-immunoprecipitated ( Figure 7C ). GST-GABARAP bound both WT FLAG-Mib1 and catalytically inactive Mib1 ( Figure S5D ). By mapping experiments, GST-GABARAP interacted with aa 1-429 of Mib1 ( Figure 7D ), which contains the N-terminal zinc finger (Figure S5E) . Substrates of Mib1-mediated ubiquitination are known to interact with this region [34, 35] .
We next investigated whether Mib1 promotes GABARAP ubiquitination. Mib1 promoted the mono-, di-, tri-, and poly-ubiquitination of GFP-GABARAP ( Figures 7E, S5F , and S5G). GFP-GABARAP was more readily ubiquitinated than GFP-LC3B ( Figure 7F ). We confirmed GFP-GABARAP mono-, di-, tri-, and poly-ubiquitination with an anti-ubiquitin antibody after washing immunoprecipitated GFP-GABARAP with denaturing 8 M urea and 1% SDS ( Figure 7G ). Mib1 promotes both K48-and K63linked ubiquitination [36, 37] . Di-, tri-, and poly-ubiquitination of GFP-GABARAP occurred through K48-linked ( Figure 7H ), but not K63-linked, ubiquitination ( Figure S5H ). K48 ubiquitin linkages are often associated with proteasomal degradation [38] . Large polyubiquitinated GFP-GABARAP conjugates (>300 kDa) were detected as K63 linked ( Figure S5H ). We detected a small population of di-and tri-ubiquitinated endogenous GABARAP ( Figures 7I and 7J) . Moreover, di-and tri-ubiquitinated GABARAP was depleted by GABARAP siRNA, suggesting that these were conjugates of GABARAP ( Figure 7J ). Finally, mass spectrometry revealed FLAG-Mib1-driven ubiquitination of GFP-GABARAP occurs at lysine 13 and 23 ( Figures 7K, 7L and S5I-S5K).
DISCUSSION
Many organelles/structures regulate the formation of the autophagosome [21, [39] [40] [41] [42] . The (non-ciliated) centrosome also appears to regulate autophagy [13] . Here, we describe a role for CS in autophagy regulation, giving insight into the function and regulation of the enigmatic centrosomal pool of GABARAP and centrosome-autophagosome communication.
Our data suggest GABARAP is a novel component of a subset of CSs. CSs are not a homogeneous population, and whereas they have established functions, for example in ciliogenesis, the role of different types of CSs is poorly understood [15] . This study implicates PCM1-GABARAP-positive CSs in delivery to autophagosomes and autophagy regulation. We favor a model whereby GABARAP bound to CS is delivered to forming autophagosomes to perform its autophagic function. This is supported by our work showing delivery of centrosomal GABARAP to pre-existing autophagic structures upon starvation [13] .
The role of basal autophagy in ciliogenesis in dividing cells is thought to be to degrade ciliogenesis activators (IFT20 and IFT88) [41, 43] . However, in non-dividing cells serum starved for 24 hr, the inhibitor of ciliogenesis, OFD1, a CS protein, is degraded by autophagy, but PCM1 is not [21] . In addition, we found that the slight decrease in PCM1 protein levels seen after 2 hr of amino acid starvation is not increased by bafilomycin A1 treatment ( Figure 5B ). Furthermore, the PCM1-GABARAP interaction is independent of amino acid levels ( Figures 1B-1D ). It is likely that GABARAP-PCM1 CS localization at autophagosomes is separate from ciliogenesis, as PCM1 colocalization with autophagosome markers was seen during 2 hr starvation, a timescale too short for significant primary cilia formation [44] . In addition, we found no evidence for a requirement of GABARAP for cilia formation (data not shown). However, we do not rule out the possibility that multiple ATG8 proteins act redundantly in ciliogenesis.
CSs are transported along microtubules [19, 25, 29] , which could explain how GABARAP at the pericentriolar material could be transferred to distal forming autophagosomes. By immunofluorescence microscopy, GABARAP is enriched within the PCM compared to the adjacent CS. This is disrupted upon PCM1 knockdown (Figures 4A, 4B , and S3A). We also saw structures reminiscent of CSs embedded in the PCM by CLEM ( Figure S1 ). Combined with the role of PCM1 in enhancing GABARAP stability ( Figures 5 and 6 ), we propose that CSs regulate the recruitment and stabilization of GABARAP at the PCM.
PCM1 depletion has no effect on autophagy, as measured by LC3 lipidation alone ( Figures 5A and 5B) [21] . However, PCM1 binds very weakly to LC3B in comparison to GABARAP (Figure 1E ). PCM1-GABARAP binding is mediated through a canonical ULK-type LIR motif ( Figures 1F-1H ). PCM1 depletion results in destabilization of GABARAP, but not LC3B, and a reduction of proteins degraded by autophagy (p62 and NBR1) ( Figures 5A-5E, 6A, and 6B ). In addition, more GABARAP-positive autophagosomes are formed after PCM1 depletion, but LC3B-positive autophagosomes are unaffected ( Figures 4E and S4 ). Based on our data, we suggest that GABARAP is held in an inactive (non-autophagic) state through direct binding to the PCM1 LIR motif on CSs. This would prevent GABARAP from recruiting LIR-containing proteins [11] or LIR-containing ATG proteins, such as ULK1 [13] . However, these CSs can be sent to forming autophagosomes to function in autophagy when required. In addition, stabilization and recruitment of GABARAP by CSs to the PCM maintains a reservoir of unlipidated non-autophagic GABARAP at the centrosome [13] . This pool is poised to contribute to autophagosome formation upon starvation. How this is fully regulated and the importance or function of centrosomal GABARAP remains to be demonstrated. In the absence of PCM1, GABARAP is destabilized through Mib1 activity (Figures 7  and S5 ) and GABARAP is released from PCM1, freeing up its LIR-binding pocket. This dysregulated GABARAP could then readily form autophagosomes, resulting in enhanced p62 and NBR1 degradation. Interestingly, Mib1 relocalizes from CSs to centrioles after PCM1 depletion [17] , which places Mib1 in proximity for GABARAP ubiquitination. This study contributes to efforts in the autophagy field to understand why ATG8 has undergone divergent evolution from yeast to human and the functional/regulatory differences between the six orthologs. Recently, GABARAPs, but not LC3s, were shown to be required for starvation-induced autophagy and also mitophagy [7, 45] . The full role of GABARAP-enriched autophagosomes is not known. Perhaps PCM1 has a role in GABARAP-specific autophagy, such as in damaged mitochondrial clearance.
Surprisingly, we found that GABARAP is efficiently degraded through both the proteasome and lysosome (Figures 6A-6D ). The rate of GABARAP turnover in RPE-1 cells was enhanced in the absence of PCM1 (Figures 6A and 6B) . In HEK293A cells, GABARAP is constitutively turned over, and proportionately more GABARAP is degraded through the proteasome than the lysosome upon PCM1 depletion ( Figures 6C and 6D) . Nonetheless, we saw an increase of GABARAP-positive autophagosomes by immunofluorescence microscopy (Figures 4E and  S4 ), suggesting increased autophagosome formation.
GABARAP was thought to not be degraded by the proteasome [46] ; however, recently, ATG4B binding GABARAP through a LIR motif was shown to stabilize GABARAP from proteasomal degradation [47] . As PCM1 also regulates GABARAP protein levels through a LIR motif ( Figures 5H and 5I) , perhaps LIR binding to GABARAP is a general mechanism of stabilization. The PCM1-binding CS E3 ligase Mib1 [17, 18] , which is no longer sequestered by PCM1 after PCM1 depletion, destabilizes GABARAP, most likely through K48-linked ubiquitination of GABARAP, which probably occurs at K13 and K23. In support, ubiquitination of endogenous GABARAP at K13 and K23 has been reported using mass spectrometry [48] . Our data suggest this destabilization occurs through proteasomal degradation of GABARAP. Interestingly, LC3B is a much poorer target for ubiquitination promoted by Mib1 than GABARAP ( Figure 7F ). This could be related to preferential binding of GABARAP to PCM1 and GABARAP localization to the pericentriolar material, both of which would bring GABARAP in proximity to Mib1. The ubiquitination of GABARAP within an N-terminal helix is also interesting, as this region is less well conserved between ATG8 orthologs (see Figure 7L , and [6] ), and so ubiquitination at these sites may provide a method of specific regulation of ATG8s.
In conclusion, our results shed light on the role of CSs in centrosomal regulation of starvation-induced autophagy. We hypothesize that the centrosomal pool of GABARAP may be a storage pool. At resting state, autophagy proteins are already translated and poised to act during acute autophagy stimulation. Whereas several core autophagy proteins exert non-autophagic functions [49] , it may be that their preservation at a resting state location facilitates rapid autophagosome formation induced by an acute signal, such as amino acid starvation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines and culture HEK293A, U2OS, RPE-1, MEF GFP-DFCP1, HEK293 GFP-WIPI2b, HEK293 GFP-DFCP1 and their derivatives were grown in a humidified incubator at 37 C in 10% CO 2 in full medium: DMEM supplemented with 10% (20% for RPE-1 cells) fetal calf serum and 4 mM L-glutamine. To induce autophagy, cells were washed 3 times with Earle's balanced salt solution (EBSS) and incubated in EBSS for two hours. Where indicated, cells were treated with: 100 mg/mL Cycloheximide, 100 nM Bafilomycin A1 (Calbiochem), 10 mM MG132 (Calbiochem) or 50 mM Nocodazole (Sigma) for the specified time. GFP-DFCP1 MEF cells were a kind gift from Noboru Mizushima, (University of Tokoyo, Japan). The HEK293 GFP-WIPI2b stably expressing cells were as described [3] . RPE-1 control and CRISPR/Cas9 PCM1 knockout cells were as described [17] . HEK293 Flp-In T-Rex GFP-GABARAP cells were maintained in full medium + 200 mg/ml Hygromycin B + 5 mg/ml Blasticidin and induced for 24 hr with 1 mg/ml tetracycline in full medium to express GFP-GABARAP. HEK293 Flp-In T-Rex GFP-GABARAP cells were a kind gift from Anne Simonsen, (University of Oslo, Norway). The HEK293 GFP-DFCP1 stably expressing cells were a gift from N. Ktistakis (clone 201) [56] and maintained in the presence of G418 at mg/ml.
Organisms for recombinant protein expression
Escherichia coli cells were cultured in LB medium (see Method Details). 
